Introduction
In immunohistochemistry, the detection of tissue proteins is influenced by many factors. Fixatives are essential for good ultrastructural preservation but they may induce conformational changes and can alter or reduce immunoreactivity of proteins. In contrast, in unfixed frozen sections, the structure is "fixed" by freezing and ultrastructural preservation is poor, but proteins retain their immunogenicity for an accurate immunocytochemical localization. Problems related to fixation and protein antigenicity have been extensively discussed (Puchtler and Meloan, 1985; Berod et al., 1981) (for review see Riederer, 1989; Brandtzaeg, 1982) . However, a potential problem that is often neglected is the solubility of proteins and Supported by the National Science Foundation of Switzerland, grants 31-26624.89 and 31-33447.92 soluble and remained in the tissue, allowing their immunocytochemical localization in alcohol-fied tissue. Synapsin I, a protein associated with the spectrin cytoskeleton, was soluble, and aldehyde fiation is advised for its immunohistochemical localization. With aldehyde fmtion, the immunoreactivity of some antibodies against neurofdament proteins was reduced in axom unveiling novel immunogenic sites in nuclei that may represent artifacts of fmtion. In conclusion, protein solubility and the effects of furation are influential factors in cytoskeletal immunohistochemistry, and should be considered before assessments for a quantitative distribution are made. (JHistochem Cytochem 41:609416,
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KEY WORDS: Brain spectrin; Cytoskeleton; Fixation; Histochemistry; Microtubule-associated proteins; Neurofilaments. Paraformaldehyde; Synapsin I; Tubulin. their potential for displacement during processing. Soluble proteins that are not chemically linked to other insoluble structures or not attached by other means may be displaced from their cellular location or may even diffuse completely out of the tissue during immunohistochemical procedures. Displacement would alter their distribution, leading to an inaccurate assessment of their localization. Protein loss from the tissue could also lead to either a significant underestimation or an incorrect interpretation of the protein distribution. In this study we have addressed this issue with respect to several components of the cytoskeleton, proteins that appear to be part of relatively insoluble cell structures, i.e., neurofilament, microtubule, and brain spectrin cytoskeleton (for reviews see Hirokam, 1991; Riederer, 1990; Goodman et al., 1988; Matus, 1988; Robinson and Anderton, 1988) . We have examined the displacement and loss of various cytoskeletal proteins during processing of unfixed, alcohol-and paraformaldehyde-fixed tissue from cat visual cortex at different developmental ages.
Materials and Methods
Tissue. Kittens of different postnatal (P) ages, Days P3 and P28. and adult cats (more than 1 year old), were obtained by timed pregnancies from 609 a breeding colony. Animals were heavily anesthetized with sodium pentobarbital (50 mg/kg) and perfused (a) with PBS or (b) with 4% paraformaldehyde in PBS. In the first case, cerebral cortex was frozen in isopentane, cooled with dry ice, and stored at -70'C. The aldehyde-fixed cortical tissue was post-fixed for 6 hr at 4'C in the same fixative and then stored in Tris-buffered saline at 4'C.
Antibodies. The monoclonal antibodies against bovine neurofilament (NF) subunits of high (H), medium (M) and low (L) molecular weights were described previously (Marugg and Baier-Kustermann, 1988) . Clone M9 reacts with NFH, M20 with NF-M, and M14 with NF-L. NF recognition by M20 and M14 was phosphate independent, whereas M9 immunoreactivity was increased after dephosphorylation with alkaline phosphatase. In addition. monoclonal antibodies raised against P-tubulin (Tu27b) (Caceres et al., 1983) , against microtubule-associated proteins (MAPS) such as tau proteins (TAU-1) (Binder et al., 1985) , and MAP5 (AA6) (Riederer et al., 1986a) were utilized. A rabbit polyclonal antibody against bovine synapsin I was a gift of Dr. K.E. Krebs. The antibody raised against human brain spectrin has been characterized previously . Hybridoma supernatants were used at a dilution of 1:10 and ascites fluid at a dilution of 1:lOOO for immunohistochemistry and Western blots. Rabbit antisera were diluted 1:lOOO for staining immunoblots and 1:100 for immunohistochemical staining.
Electrophoresis and Immunoblots. Proteins were separated on a 3.6-15 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and were either stained with Coomassie blue or were electrically transferred to nitrocellulose sheets and immunostained with antibodies and peroxidase-conjugated secondary antibodies (Riederer et al., 1986a (Riederer et al., ,b,1990 . Solubility Assay. Unfixed and frozen visual cortex tissues of P3 and P28 kittens and adult cats were cut with a Reichert-Jung cryostat at 10, 20, 30, or 40 pm thickness and attached to glass slides. Cryostat sections were used in triplicate for the analysis of protein solubility, and standard deviations (SD) are indicated. All subsequent steps were performed at 4°C. Sections of 25 mm2 surface were overlaid with 200 p1 phosphate buffer containing protease inhibitors (PBS-PI), 10 pUml leupeptin, antipain, pepstatin, 5 pglml E64, and 1 mM phenylmethyl sulfonyl fluoride (Riederer er al., 1990) . One series was dissolved with x 5 concentrated electrophoresis buffer and boiled. A second series was dissolved with 1% SDS and used for protein determination. In a third series the sections were first overlaid for 15 min with 200 p1 PBS-PI; this solution was collected and prepared for electrophoresis. The remaining section was washed a second and third time with 200 pl PBS-PI. The remaining insoluble tissues were dissolved in 250 pl of either SDS electrophoresis sample buffer for electrophoresis or in 200 pl PBS-PI, containing 1% SDS, for protein determination. Twenty pl of each sample were loaded on SDS-PAGE. Because proteins of intact tissues, of supernatants, and of remaining tissues were dissolved in a total of 250 pl electrophoresis buffer, proteins are separated proportionally and a comparison of soluble and insoluble proteins was possible on SDS-PAGE. Sections of 25 nun2 surface and 40 pm thickness usually yielded sufficient protein amounts (40-50 pg in 20 pI of elecuophoresis samples) to be visualized by Coomassie blue staining or immunoblotting. To define the influence on protein solubility of different alcohols, temperatures, and exposure times, a series of cryostat sections were exposed for either 10 or 30 min at 4'C or -20°C to methanol, or first to ethanol and then to acetone. These sections were processed as described above for SDS-PAGE and protein measurements Protein Measurement. Proteins were determined by a modified procedure based on that of Lowry and colleagues (1951) . Twenty PI of the solubilized protein samples were brought to 1 ml with 1% SDS (wlv). Bovine serum albumin, dissolved in 1% SDS, was used as standard protein at defined mounts ranging from 1 to 100 pg. Samples and standards were heated up to 50°C for 15 min, and 1 ml of a freshly prepared reagent was added, containing 1 part 5 % (w/v) copper sulfate, 9 parts 1% (wlv) potassium sodium tartrate tetrahydrate, and 100 parts 10% (w/v) sodium carbonate in 0.5 N sodium hydroxide. Solutions were mixed with a vortex mixer. Precisely 10 min later, 3 ml of Folin reagent (diluted 1:10, vlv, with distilled water) was added to each tube. Aliquors were kept for 10 min at S O T , cooled to ambient temperature, and absorbance was read after 30 min. Absorption was measured at 730 nm with a Beckman spectrophotometer. The amount of protein in each sample was determined by comparison with the bovine serum albumin standard curve.
Immunocytochemistry. Paraformaldehyde-fixed brain tissues were cut with a Lancer vibratome in sections 40 pm thick. Floating sections were immunostained with antibodies as described by Riederer et al. (1986a) . For several cytoskeletal proteins, additional 0.5 YO glutaraldehyde can be used (Riederer et al., 1986a; Binder et al., 1985) , whereas for other proteins the use of glutaraldehyde may destroy antigenicity (Riederer, 1989) . Therefore, paraformaldehyde was chosen as a mild cross-linking fixative and glutaraldehyde was omitted, allowing several cytoskeletal proteins to be compared.
Cryostat sections of PBS-perfused, deep-frozen brain tissues were used for immunocytochemistry. Sections were treated as mentioned above or in the text. Sections were immunostained according to published procedures (Riederer et al., 1986bJ990) .
Results

Protein Solubility
In 40-pm thick unfixed frozen sections of P3 cat cerebral cortex, a displacement of 50.8% * 0.03 ( 2 SD; 1z = 3) proteins from the tissue was measured. The total amount of brain protein per section was defined as 100%. The thickness of the cryostat sections seemed not to influence the solubility, because in brain sections with a thickness of 10 pm from the same animal, a protein solubility of 54.4% 5 0.04 was measured, which was not significantly different from the value obtained with thicker sections. In unfixed 40-pm frozen sections of adult cat cortex, protein solubility was 29.5 % 0.08; this was lower than in the juvenile tissue mentioned above. In 10-pm thick sections the protein solubility was 33.8% 2 0.06, and was therefore not significantly different from thicker sections. These results indicated that the protein solubility was not greatly affected by the thickness of the cryostat sections, but differed significantly between developmental stages.
Solubility of Tubulin and MAPS
When unfixed frozen sections were treated either with methanol or with ethanol and then with acetone, proteins were found more displaced from the tissue after ethanol-acetone than methanol treatment (Figures 1 and 3) . It was observed in SDS electrophoresis gels that the composition of soluble proteins differed between the two fixation types. In methanol-fixed tissue, tubulin was less soluble (Figure lB, Lane 5 ) . On Western blots of P3 brain cortex immunostained for the high molecular weight, microtubule-associated protein MAP5, little MAP5 (seen as a protein doublet of MAP5a and MAP5b) and some smaller breakdown products were measured in soluble form in supernatant fractions of unfixed or methanol-fixed frozen sections ( Figures 1C and ID sections showed a diffuse immunocytochemical localization in cerebral cortex (Figures 2A and 2B ). MAPS could not be well localized because it did not delineate exclusively within cell boundaries. Some immunoreactivity was also found in nuclei. In contrast, the MAP5 immunostaining was different in vibratome sections of tissue that was first fixed by perfusion with 4% paraformaldehyde. In such sections, MAPS distribution was restricted to cell bodies, dendrites, and the surrounding neuropil ( Figures 2D and 2E) . It was absent from nuclei.
Fixation of Frozen Sections
Protein solubility from unfixed and ethanol-acetone fixed tissue was compared at Stages P28 and adult brain tissue (Figure 3) . Approximately a third of the proteins were soluble in unfixed frozen tissue ( Figures 3A and 3B . Lanes 2). Quantitatively, the protein displacement from ethanol-acetone-fixed tissue was the same as from unfixed frozen tissue ( Figures 3A and 3B, Lanes 5 ) . Qualitatively, the same proteins were soluble from ethanol-acetone-fixed and from untreated frozen tissues. An ethanol-acetone treatment does not necessarily stabilize and fix proteins in frozen sections. This indicates a need for cross-linkers, such as paraformaldehyde or glutaraldehyde, to bind proteins covalently to tissue.
A series of control sections of P3, P28, and adult cortex tissue were exposed to either methanol or ethanol-acetone, at either 4°C or -20°C. for either 10 or 30 min. With prior methanol treatment the solubility remained the same regardless of whether sections were exposed for 10 or 30 min and at 4°C or -2O'C. The solubility of proteins was lower during the subsequent immunocytochemical procedure after methanol than after ethanol-acetone fixation. Furthermore, with ethanol-acetone fixation at -20°C for 10 min or 30 min each, a higher protein solubility (up to twofold) was measured in subsequent steps than when sections had been treated at 4°C. Therefore, for ethanol-acetone fixation the temperature during alcohol fixation seems to be a crucial factor.
The protein solubility was also monitored by SDS-PAGE and by Western blots, using different cytoskeleton-specific antibodies (Figure 4) . All neurofilament subunits, NFL, -M. and -H, and brain spectrin were bound to the tissue.regardless of the treatment (Figure 4, upper row) . Proteins such as (3-tubulin, juvenile and adult tau, and synapsin I were soluble to various extents from unfixed frozen, and from ethanol-acetone-fixed cryostat sections ( Figure  4 , lower row, Lanes 2 and 5 respectively).
Immunohistochemistry and Paraformaldehyde Fimtion
A comparison of preservation of immunohistochemical detectability between ethanol-acetone-fixed cryostat sections (1) and paraformaldehyde-fixed vibratome sections (2) indicated that the subcellular location of antigens depended very much on the prior treatment of the tissue (Figures 5 and 6 ). This was especially evident when the antigens were not abundant, such as the NF-H at age P28 ( Figure 5E ) in comparison with adult tissue (Figure 5F ). Immunohistochemical detection of all three neurofilament subunits in axons was strikingly decreased in paraformaldehyde-fixed tissue ( Figures 5A2, 5c2 and 5C ), whereas all three NF antibodies still reacted with neurofilament proteins in perikarya and dendrites. The aldehyde fixation influenced the immunocytochemical detection of the NF-M and -H subunits ( Figures 5C2, 5E2 , and 5F2). in that some nuclei were immunostained. Such staining was absent in ethanol-acetone-fixed cryostat sections. Brain spectrin. another tissue-bound protein, was similar in its immunohistochemical distribution after both tissue treatments, seen as a staining of the neuropil and the plasma membrane of pyramidal cell bodies ( Figures 6D1 and 6D2 ). The use of cross-linkers such as paraformaldehyde was essential to bind tissue-soluble proteins for immunohistochemistry, including tubulin, tau proteins, and synapsin I (Figures 6A-6C ). In contrast, ethanol-acetone fixation did not link these proteins to tissue, and the immunocytochemical localization showed these proteins to be changed: tubulin could not be located in neuronal and glial cells and was distributed diffusely throughout adult cortex ( Figure 6A1) ; tau proteins were washed away completely ( Figure 6B1 ). and synapsin I was reduced in cryostat sections of P28 kitten cortex ( Figure 6C1 ).
Discussion
Protein Solubility
Our results suggest that many proteins are soluble and may be lost from cryostat sections. This corresponds to findings in other tissues (Brandtzaeg, 1982) . During development, more proteins were soluble at early stages, and protein solubility decreased with maturation from around 50% after birth to 30% in adult. The higher solubility in juvenile tissue may have several reasons. Unfixed brain tissue of newborn animals is much softer in its appearance than mature tissue, and one can speculate that the differences in the composition of the neuronal cytoskeleton between newborn and adult animals (for reviews see Riederer, 1990; Matus, 1988) may affect protein mobility. In addition, post-translational modifications may affect the binding of proteins to structural components. Indeed, developmental changes in the cytoskeleton composition may coincide with a change from a juvenile-plastic to an adultstable cytoskeleton. Furthermore, the extracellular matrix may have some influence on the protein solubility during maturation.
We have found that the thickness of cryostat sections is not relevant, because the proportion of soluble tissue proteins remained constant as the section thickness increased (up to 40 pm). One can therefore assume that soluble proteins escape equally well from thicker sections as from thinner ones. However, the electrophoretic analysis of the soluble proteins shows strikingly that smaller proteins were more soluble than larger ones, the latter being mostly members of the cytoskeleton family, i.e., spectrins and N F H and -M. Other data also suggest that the size of molecules determines the mobility within the tissue, because immunoglobulins have only a limited depth of tissue penetration (Piekut and Casey, 1983) .
Solu&iiity of Cytoskeietal Pmteins
MAPS mists in two isoforms, MAPS? and MAP5b. Both were partially soluble in the solubilization assay described here. However. it has been reported that MAP5a. which is a more phosphorylated form than MAPSb, is also more associated with structural tissue components . It seems possible that both forms bind to other cell structur& and that phosphorylation influences the binding intensity. Both forms, regardless of their structural association. could also be washed out from the tissue at the cutting surface of the cryostat sections. The difference in the immunocytochemical localization of MAP5 in methanol-fixed cryostat sections as compared with the pattern seen in paraformaldehyde-fixed tissue may have several explanations. Alcohol fmtion of tissue (a) may not be sufficient to prevent some displacement of MAP). (b) may expose some nonspecific sites. or (c) may unmask some MAPSlike epitopes in nuclei. Proteins that are immunologically related to this MAP have been reported to occur in the nuclear matrix (Diaz-Nido and Avila, 1989) . Neurofilament proteins and brain spectrin are insoluble proteins and arc part of a detergent-insoluble cytoskeleton. It is not surprising that thee proteins persist in cryostat tissue, even after rigorous washing, or in the pmence of Triton X-100 or Tween 20, and cannot be detected in the supernatants. Therefore. these proteins can be used as markers to monitor whether whole tissue pieces have been washed away, just by screening the washing supernatants on immunoblots. Our results on brain spectrin support the findings of Zagon and Goodman (1989) . showing that spectrin is not released from brain tissue. Hawevcr. they differ from those by Ivy and colleagues (1988) . who reported that approximately 15% of brain spectrin proteins are soluble. Although it is difficult to determine the basis for this discrepancy because of limitations in the experimental detail presented in this earlier report, several possible factors can be suggested: (a) different spectrin forms were being examined in the two studies, and/or (b) tissue structure could have been part of the soluble fraction in this earlier study, which would lead to a misinterpretation of the actual amounts of brain spectrin in the soluble fraction.
Immunohistochemical Detection of Cytoskeletal Proteins
An immunocytochemical comparison of tubulin, tau proteins, and synapsin I (which binds to brain spectrin) showed that these proteins are either partially or completely soluble in ethanol-acetonefixed cryostat sections. In contrast, in paraformaldehyde-fixed vibratome sections a typical immunocytochemical distribution of these proteins was observed. For example, for demonstrating the structure of microtubules, glutaraldehyde up to 6.5% had been used for an optimal preservation (Sandborn et al., 1964) . For immunocytochemistry, milder fixation procedures have been used for demonstrating tubulin in cultured cells; protocols specified 1.0-3.S% paraformaldehyde or 0.3% glutaraldehyde, followed by acetone or methanol (DeBrabander et al.. 1977; Osborn and Weber, 1976; Wiche and Cole, 1976; Brinkley, 1975) . In another protocol acetone was utilized first, followed by formalin (Sato et al., ^.
-. -. 1976) . Such treatments are sufficient for cultured cells, but our study indicates that alcohols and acetone are not sufficient to preserve tubulin in its actual location in developing cat visual cortex. Treatment at 4°C may result in the disassembly of microtubules, leading to a reorganization within the tissue. Because microtubules differ in their cold stability (Brady et al., 1984) , alcohol fixation may preserve only relatively stable ones. To demonstrate tubulin in brain tissue, paraformaldehyde and low amounts of glutaraldehyde have been used (Cumming et al., 1984) . These fixatives are good means to cross-link proteins and provide good morphological preservation. However, they may reduce or even destroy immunoreactivity, as reported for brain spectrin and neurofilament proteins (Riederer, 1989) . The anti-brain spectrin serum used in this study was not the same as the one used in prior studies (Riederer et al.. 1986b (Riederer et al.. .1989 . The immunocytochemical recognition shown here seemed less affected by paraformaldehyde fixation. Because it is a polyclonal antiserum we suspect that several antigenic sites may have been less affected by fixatives.
In this study, it was also demonstrated that paraformaldehyde fixation changed the properties of the immunocytochemical detection of neurofilament subunits. The immunocytochemical localization of axons was reduced after fixation with paraformaldehyde, and increased nuclear staining was observed with some antibodies. It is known that aldehyde fixation can abolish immunocytochemical detection of neurofilament proteins (Riederer, 1989) . Another possibilityis that neurofilament-like epitopes in neuronal perikarya may be obscured by tissue processing (Poltorak and Freed, 1989; Hickey et al., 1983) . Nuclear neurofilament staining may also be an artifact, because chromatin proteins and histones may share antigenic determinants with neurofilaments (Wood et al., 1985) . Furthermore, fixation may also unmask additional recognition sites on other intermediate filament types that are part of the nuclear matrix (for review see Portier, 1992) . This implies that antibodies may have to be characterized in more detail for their specificity under various fixation conditions. In conclusion, protein solubility and fixation conditions influence immunohistochemical detection. For each protein and each antibody, fixation conditions have to be evaluated for an optimal immunocytochemical localization. In combination with a previously presented assay to determine the influence of fixatives on the preservation of protein antigenicity (Riederer. 1989) . the assay presented here may provide a useful tool for evaluating the necessity of protein fixation for immunohistochemistry.
